Bacterial pathogens undergo stress during host colonization and disease processes. These stresses result in changes in gene expression to compensate for potentially lethal environments developed in the host during disease. Mycoplasma hyopneumoniae colonizes the swine epithelium and causes a pneumonia that predisposes the host to enhanced disease from other pathogens. How M. hyopneumoniae responds to changing environments in the respiratory tract during disease progression is not known. In fact, little is known concerning the capabilities of mycoplasmas to respond to changing growth environments. With limited genes, mycoplasmas are thought to possess only a few mechanisms for gene regulation. A microarray consisting of 632 of the 698 open reading frames of M. hyopneumoniae was constructed and used to study gene expression differences during a temperature shift from 37°C to 42°C, a temperature swing that might be encountered during disease. To enhance sensitivity, a unique hexamer primer set was employed for generating cDNA from only mRNA species. Our analysis identified 91 genes that had significant transcriptional differences in response to heat shock conditions (P < 0.01) with an estimated false-discovery rate of 4 percent. Thirty-three genes had a change threshold of 1.5-fold or greater. Many of the heat shock proteins previously characterized in other bacteria were identified as significant in this study as well. A proportion of the identified genes (54 of 91) currently have no assigned function.
Mycoplasma hyopneumoniae is the causative agent of porcine enzootic pneumonia and is a major contributor to the porcine respiratory disease complex (26, 31) . Like other mycoplasmas, M. hyopneumoniae has a small genome with limited biosynthetic potential (22) . Mycoplasmas in general are rarely exposed to severe environmental changes; they are transmitted from animal to animal and do not survive long outside their host. They do, however, encounter changing environmental conditions within the host as the immune response develops and responds with the recruitment of large numbers of neutrophils and macrophages to the infection site and the host becomes febrile (32) . Some invasive mycoplasma species, e.g., Mycoplasma bovis, encounter different environments within the colonized tissues after systemic spread. Thus, it is of interest to study potential growth conditions that might impact the ability of M. hyopneumoniae to adapt to and survive in changing environmental conditions.
Heat shock proteins (Hsps) are a group of proteins induced during stressful conditions that result in denaturation of polypeptides. Temperature extremes, high pressure, and exposure to toxic compounds can induce expression of these proteins, conditions that result in protein unfolding and denaturation (12) . The Hsps are generally thought of as chaperones, proteins involved in the correct folding of polypeptides as they emerge from the ribosome. They operate by binding to exposed hydrophobic residues in improperly folded protein structures. They can also be involved in the assembly or disassembly of multimeric protein structures and translocation of proteins across membranes. An additional class of Hsps includes proteases that degrade misfolded or abnormal proteins (11, 12) . The Hsps are highly conserved and appear to be universal, having functions required for normal cell growth.
The regulation of bacterial heat shock proteins in the Firmicutes falls into four general classes. Genes regulated by the repressor HrcA are designated class I, those regulated by the alternate sigma factor B are designated class II, and class III genes are regulated by CtsR (15) . Genes that do not fall within these groupings are placed into class IV. In class I genes, the repressor HrcA binds to a specific inverted repeat sequence, the CIRCE element, within the promoter (14) . Mycoplasmas do not have the typical sigma factors involved in responses to high-temperature shifts; only a single general sigma factor has been identified in the mycoplasma genomes so far sequenced (2, 8, 10, 16, 22, 24, 27, 34, 36) . Also, those genes that undergo regulation are thought to be controlled by the limited number of transcriptional regulators found in the minimal genome (23) . It is likely that one of these regulators is HrcA, whose gene in M. hyopneumoniae has been designated mhp010 (22) .
Heat shock has long been considered a stress condition that many pathogens encounter in their pathogen-host relationship. While much has been learned about the Hsp genes and their regulation in many bacterial species (12, 39) , few studies have examined mycoplasmas for heat shock responses. In 1990, two reports of heat shock studies involved identification of heat shock proteins (Hsps) by gel electrophoresis in Mycoplasma capricolum subsp. capricolum and Acholeplasma laidlawii (1, 3, 4). More recently, transcriptional profiling was performed on Mycoplasma pneumoniae (35) to identify a set of genes that responded to changing growth temperatures. The results of that study indicated that 47 genes were up-regulated and 30 genes were down-regulated during a temperature shift from 32°C to 42°C at a P value Ͻ0.001. This report is also notable in that it was the first genome-wide transcriptional profiling study performed for a mycoplasma species.
Despite the importance of M. hyopneumoniae to swine production, there have been few studies of potential molecular mechanisms of its pathogenesis in the face of and in response to environmental changes. This has probably been due to the difficulty in growing the organism and its recalcitrance to genetic manipulation. The few reports that exist have focused on mechanisms of adherence to swine cilia (17, 18, 21, 40) , with no reports of potential stress-related proteins. Analysis of the genome sequence has identified putative Hsps DnaK (mhp072), DnaJ (mhp073), ClpB (mhp278), GrpE (mhp011), and Lon (mhp541) and putative heat shock regulator HrcA (mhp010) (22) . To better understand the mechanisms involved in stress responses, we have determined the response of M. hyopneumoniae to heat shock using a microarray approach. Our studies show significant changes in transcriptional activities in numerous genes, suggesting that M. hyopneumoniae, like other bacteria, tightly regulates its genes in response to the environment.
MATERIALS AND METHODS
Mycoplasma strains and culture conditions. Pathogenic M. hyopneumoniae strain 232, a derivative of strain 11, was used in this study (20) . Cultures used were passaged fewer than 15 times in vitro in Friis media as previously described (9) . One hundred twenty-five-milliliter cultures in 250-ml flasks were grown at 37°C to early log phase as determined by medium color change and optical density. Flasks were shifted to 30°C for 2 h, and then paired flasks were shifted to 37 or 42°C for 30 min. There were six replicates. Cells were pelleted by centrifugation at 24,000 ϫ g, 500 l of RNAlater (Ambion, Inc., Austin, Tex.) was added to the pellets, and pellets were stored at Ϫ70°C until the total RNA was isolated.
Microarray construction. The M. hyopneumoniae microarray consists of PCR products (probes) spotted to glass substrates. To identify primers for PCRs, a FASTA file containing the DNA sequences for all putative open reading frames (ORFs) (22) was analyzed with Primer3 software (29) using a set of scripts to allow for iteration and unique primer design across the genome. The software began the design process by reading and storing the sequences for each of the ORFs. The program then iterated through each ORF, determining those for which valid primers had been identified. At this point, a mispriming library file was created, which consisted of the sequences of all ORFs except for the one for which primers were to be designed. This ensured that any primers found would not match any other ORFs besides the ORF requiring primers. Next, the Primer3 parameters were written to a file (see Table S1 in the supplemental material), and this file and the mispriming library were passed to Primer3, with the results appended to another file. The program then moved on to the next ORF. Once each ORF had been examined, any ORFs still needing primers were identified. The parameters passed to Primer3 (i.e., melting temperature, primer product size, mispriming score, etc.) were relaxed, and the process was then repeated a total of three times, by which time any ORFs for which unique primers could not be identified were not included in the microarray design. Two sets of primers were identified for each ORF and used to generate PCR products for array spotting (see Table S2 in the supplemental material).
PCRs were performed in 96-well plates in an MJ Research Dyad thermal cycler (Bio-Rad Laboratories, Inc., Waltham, Mass.) on all sets of PCR primers in 100-l reaction mixtures using the following conditions: 1ϫ PCR buffer; 2.5 mM MgCl 2 ; 2.0 mM each dATP, dCTP, dTTP, and dGTP (Roche Diagnostics Corp., Indianapolis, Ind.); 2 pmol of each primer, forward and reverse; 2.5 units Taq polymerase (New England Biolabs, Beverly, Mass.); and 100 ng M. hyopneumoniae strain 232 chromosomal DNA, which had been isolated by phenolchloroform extraction. The thermal cycling conditions were denaturation at 95°C for 5 min, and then 30 cycles of denaturation at 94°C for 1 min, annealing at 50°C for 1 min, and elongation at 72°C for 30 s, with a final elongation at 72°C for 10 min. Products were confirmed by 2% agarose gel electrophoresis and purified using FilterEX 96-well glass filter plates (model 3510; Corning, Inc., Big Flats, N.Y.) according to the manufacturer's protocol. Purified PCR products were quantified by UV absorbance, dried by vacuum centrifugation, and resuspended to an approximate concentration of 200 ng per l in spotting buffer (Corning). A 1-l volume of probe was analyzed by electrophoresis in 2% agarose gels to confirm the concentration and purity of each product.
The microarrays were printed using a BioRobotics MicroGrid (Genomic Solutions, Ann Arbor, Mich.) onto Corning UltraGAPS substrates. Each probe was printed in triplicate, in nonadjacent spots to reduce nonuniform substrate errors in replicated probes. The array consisted of 16 subarrays, with a 12-column by 12-row configuration. Each slide was divided into two regions (upper and lower), and each region contained the full array of spots. Slides were UV cross-linked at 450 mJ in a Stratalinker (Stratagene, La Jolla, Calif.) to immobilize DNA. To determine the optimal cross-linking energy needed for each batch of arrays, test slides were cross-linked at 350, 450, and 550 mJ and stained with SpotQC (Integrated DNA Technologies) per the manufacturer's instructions. The energy giving the highest signal strength was chosen for the batch treatment. Prior to hybridization, arrays were prehybridized with sodium borohydride to reduce background according to methods outlined by Raghavachari et al. (25) .
Experimental design. Six independent RNA samples from heat-shocked cells were paired with six independent RNA samples from control cells for hybridization on six two-color microarrays. For three of the six arrays, the control sample was labeled with Alexa 555 dye and compared to the heat-shocked sample labeled with Alexa 647 dye. The dye assignment to control and treated samples was reversed for the other three arrays to account for variation due to labeling efficiencies. The three slides were hybridized under identical conditions as described below.
RNA isolation. RNA was isolated from frozen cell pellets using the Versagene RNA purification system (Gentra Systems, Minneapolis, Minn.) according to the manufacturer's protocol. The optional step of DNase treatment was routinely performed on the column. With a cutoff of 150 bp, 5S rRNA and tRNAs were removed from the samples, limiting interference in downstream manipulations. Samples were quantified and checked for purity using an ND-1000 spectrophotometer (Nanodrop, Wilmington, Del.). If necessary, samples were concentrated using Microcon YM-30 microconcentrators (Millipore, Billerica, Mass.) for optimal cDNA generation.
Random primer set for M. hyopneumoniae. A set of 129 hexamer oligonucleotide primers was designed to generate cDNA sequences from M. hyopneumoniae mRNA (see Table S3 in the supplemental material). The 4,096 possible hexamer oligonucleotide sequences were screened in silico to remove any sequences that would potentially amplify rRNA or tRNA, which makes up 95% or more of the total RNA preparation. The remaining 327 primers were compared to the 698 ORFs in the annotated sequence. Primers were then identified that would theoretically hybridize to the coding strand of the mRNA for each ORF. One hundred picomoles of each primer (Integrated DNA Technologies, Coralville, Iowa) was then combined to form a primer mixture for cDNA generation.
Target generation and hybridization. Targets were generated from total RNA extracted from cell pellets as described above. Fluorescently labeled cDNA targets were generated and purified using the SuperScript indirect cDNA labeling system (Invitrogen Corp., Carlsbad, Calif.). Targets were labeled with Alexa Fluor 555 reactive dye or Alexa Fluor 647 reactive dye (Molecular Probes, Inc., Eugene, Oreg.). Following purification of the labeled cDNA, samples were dried in a vacuum centrifuge and then resuspended in 10 l Pronto! cDNA/long oligonucleotide hybridization solution (Corning). Targets were denatured at 95°C for 5 min and centrifuged at 13,000 ϫ g for 2 min at room temperature. Targets from control and heat-shocked cultures were then combined, pipetted to an array, and covered with a 22-by 22-mm HybriSlip (Schleicher & Schuell, Keene, N.H.). Slides were placed in a Corning hybridization chamber and incubated in a 42°C water bath for 12 to 16 h. Slides were washed according to Corning's UltraGAPS protocol and dried by centrifugation.
Image acquisition and data analysis. Each dye channel of each array was scanned three times under varying laser power and photomultiplier tube gain settings using a ScanArray Express laser scanner (Applied BioSystems, Inc., Foster City, Calif.) to increase the dynamic range of expression measurement (6) . The images were quantified using the softWorRx Tracker analysis software package (Applied Precision, Inc., Issaquah, Wash.). Spot-specific mean signals were corrected for local background by subtracting spot-specific median background intensities. The natural logarithm of the background-corrected signals from a single scan was adjusted by an additive constant so that all scans of the VOL. 74, 2006 M. HYOPNEUMONIAE TRANSCRIPTION DURING HEAT SHOCK 161 same array-by-dye combination would have a common median. The median of these adjusted-log-background-corrected signals across multiple scans was then computed for each spot to obtain one value for each combination of spot, array, and dye channel. These data for the two dye channels on any given array were normalized using LOWESS normalization to adjust for intensity-dependent dye bias (7, 38) . Following LOWESS adjustment, the data from each channel were adjusted by an additive constant so that the median for any combination of array and dye would be the same for all array-by-dye combinations. The normalized values for triplicate spots were averaged within each array to produce one normalized measure of expression for each of the 632 probe sequences and each of the 12 RNA samples. Statistical analysis. A separate mixed-linear-model analysis was conducted for each probe sequence using the normalized data (37) . Each mixed model included fixed effects for treatment (heat shock versus control), slide region (upper versus lower), and dye (Alexa 555 versus 647) as well as random effects for slide and slide-by-region interaction. A t test for differential expression across treatments was conducted for each probe as part of our mixed-linear-model analyses. The 632 P values from these t tests were converted to Q values using the method of Storey and Tibshirani (30) . These Q values can be used to obtain approximate control of the false-discovery rate (FDR) at a specified value. For example, declaring probes with Q values less than or equal to 0.05 to be differentially expressed produces a list of significant results for which the FDR is estimated to be approximately 5%. Along with Q values, estimates of change (n-fold) were computed for each probe by taking the inverse natural log of the mean treatment difference estimated as part of our mixed-linear-model analyses.
Validation of microarray data. To confirm significant transcriptional differences between genes, semiquantitative RT-PCR analysis was performed on four genes randomly chosen from the pool of genes shown to have significant transcriptional differences during heat shock using the 16S RNA as a control. PCR was performed in 96-well plates in 20-l reaction mixtures with the six study replicates for each ORF from control and heat-shocked samples, using the following conditions: 1ϫ PCR buffer; 2 mM MgCl 2 ; 1.0 mM each dATP, dCTP, dTTP and dGTP (Fisher Bioreagents, Fairlawn, NJ); 5 pmol of each primer, forward and reverse; 2.5 units Taq polymerase (New England Biolabs); and 2 l cDNA from heat-shocked samples diluted 1:50 or 2 l cDNA from control samples diluted 1:50. The thermal cycling conditions were denaturation at 95°C for 5 min, followed by 25 cycles of denaturation at 94°C for 1 min, annealing at 50°C for 1 min, and elongation at 72°C for 30 s, with a final elongation at 72°C for 10 min. The reaction mixtures were mixed with 4 l 6ϫ loading dye, and 10 l was analyzed by 1.5% agarose gel electrophoresis and then stained with 0.5 g/ml ethidium bromide to confirm that a single product of the correct size was present. The gel was visualized and digitized, and band density was measured with FlourChem 8000 software version 2.0 (Alpha Innotech Corp., San Leandro, Calif.).
Analysis of variance was performed to determine differences between band density values of heat-shocked versus control samples. Band densities were background corrected by subtracting the background density within the reaction lane from the sample band density. Estimated differences were considered significant if the P value of a t test was Ͻ0.01.
RESULTS
Primer design and array construction. The primer design software was successful in designing primers that could amplify unique products from 632 of 698 putative ORFs in the M. hyopneumoniae genome sequence. Following purification, PCR products were analyzed by agarose gel for consistency in concentration and product size (data not shown).
Heat shock studies. The total RNA concentrations postpurification were approximately 7 to 18 g. In each cDNA reaction, 7 to 12 g of total RNA was added, yielding cDNA concentrations of 2 to 7 g. Control and heat shock samples were paired and had the same concentration of total RNA added to the cDNA reaction mixtures. Three samples from each treatment were labeled with Alexa Fluor 555 and three with Alexa Fluor 647. The label incorporation of fluorescent dyes ranged from 20 to 81 bp/dye molecule for each dye, which is well within the recommended range of label incorporation (http: //probes.invitrogen.com/resources/calc/basedyeratio.html). To account for any variation due to dye incorporation, the experimental design included a dye swap. Data from each of the six replicates were used in the statistical analysis.
Statistical analysis indicated that 91 genes had significant transcriptional differences, with a P value Ͻ 0.01 and an estimated false-discovery rate of 4 percent. Results are presented in Tables 1 and 2 . Thirty-three of the statistically significant changes in expression exhibited greater-than-1.5-fold up-or down-regulation. The results are also displayed as a volcano plot and genes with significant transcriptional differences indicated (Fig. 1) . Examples of the normalized data for specific genes are shown in Fig. 2 . The quality of the data is reflected by the similarity in the slopes of the lines for each gene. Each line connects points representing the normalized measures of expression for the two treatments from a single array. The two different plotting symbols, circle and square, represent Alexa Fluor 555 and 647 dyes, respectively.
Validation of the microarray data. The primers used in generating the RT-PCR products are given in Table 3 . For all except the 16S RNA sequence, these primers were used to generate the PCR products spotted to the microarray (see Table S2 in the supplemental material). The results are shown in Fig. 3 . Analysis indicated that the four genes verified were significant using semiquantitative PCR in support of the microarray results. As expected, the 16S RNA concentration did not vary (P ϭ 0.474).
DISCUSSION
Little is known about the mechanisms M. hyopneumoniae uses to colonize the respiratory epithelium and circumvent the host immune response. During infection, M. hyopneumoniae must encounter different environments as the numbers of organisms increase and the host responds accordingly with an influx of macrophages and neutrophils. If mycoplasmas are like other bacterial pathogens, they have mechanisms to respond to the changing in vivo environment, ensuring the organism's survival during active host immune responses.
The host employs both innate and adaptive immune response strategies to protect it against pathogens. These environmental changes are generally thought of as stress conditions because they are often detrimental to the pathogen. For instance, cytokine release by host immune effector cells can lead to temperature fluxes in the host that may impact the organism's ability to maintain itself in the respiratory tract. Most bacteria have several genes that are induced to respond to this "heat shock." These genes usually encode proteins involved in protein folding and the prevention of protein aggregation, and in protein degradation of improperly folded proteins. The increased transcription of these genes during temperature shifts is indicative of an important role in survival. Denatured or nascent proteins do not function properly and would eventually cause bacterial death.
Sixty-one percent of the up-regulated genes with a change threshold of 1.5-fold or greater (Table 1) have been assigned a function based on their sequence homology. These include functions involved in protein folding, metabolism, and translation. dnaK (mhp072), a member of the Escherichia coli hsp70 gene family, was identified as the most significantly up-regulated gene. DnaK's role as a chaperone protecting proteins from improper folding is well characterized, and it also serves a regulatory function by sequestering 32 from the cytoplasm and presenting it to proteases. During heat shock, DnaK binds to denatured proteins, thus releasing 32 to interact with RNA polymerase and up-regulate heat shock genes (39) . It should be noted, however, that M. hyopneumoniae does not make 32 , and thus, some of the functions ascribed to it in other species are not applicable. Other heat shock-related genes, parC (mhp034), dnaJ (mhp073), and clpB (mhp278), were also significantly up-regulated in M. hyopneumoniae. Proteins encoded by these genes function to assist in protein folding, in degrading improperly folded proteins, and in cell partitioning activities associated with DNA structure. Both dnaK and dnaJ have upstream CIRCE inverted repeats that bind HrcA to up-regulate genes during heat shock (14) . Some of the genes appear to be members of operons, e.g., mhp144 through mhp153, whose products are thought to be involved in carbohydrate metabolism, and mhp211 through mhp214, which code for ribosomal proteins and RpoA (mhp213), the ␣ subunit of RNA polymerase. The structure of this operon is different than that found in E. coli; the M. hyopneumoniae operon lacks S4, the transcriptional regulator that binds to the leader sequence upstream of S13 (19) . Thus, the mode of regulation for this operon in M. hyopneumoniae is unknown, but it appears dif- ferent than in other bacteria. The other member of this operon, mhp213, had a P value of 0.013266 and just missed our chosen cutoff (P Ͻ 0.01) for inclusion in Table 1 . Thirty-nine percent of the genes with a change threshold of 1.5-fold or greater had unassigned functions and may represent important stress-related functions required for host colonization and persistence. One of the more interesting genes up-regulated during heat stress was ffh, encoding the 54-kilodalton subunit homologue of the eukaryotic signal recognition particle. This is the first report of its regulation in response to heat stress, and this regulation may represent a need to increase protein translocation in M. hyopneumoniae either to stabilize the membrane or to maintain the integrity of membrane proteins. ffh is normally thought not to undergo altered expression, but recent evidence suggests that in gram-positive bacteria it may be regulated in response to acid stress (13) . In addition, ffh was not regulated in M. pneumoniae during heat stress (35) , suggesting that different mycoplasma species may control different sets of genes during heat shock as a consequence of host adaptation. Of 41 genes that showed significantly lower transcript levels in response to elevated temperatures, 9 genes had a change threshold of 1.5-fold or greater. Interestingly, the factor-ofchange values are lower for these genes than for those upregulated. Many of these genes are involved in translation and DNA replication, suggesting that temperature stress slows translation and replication, reducing energy needs, and slows cellular physiology. Down-regulated genes fall into the classes of transporter genes, mgtE (mhp485), gatB (mhp030), and proS (mhp397). This is similar to other bacterial pathogens and suggests that a reduction in energy-requiring processes in the bacterial cell during heat stress is a fundamental property of pathogenesis and bacterial physiology.
Little is known about the response of mycoplasmas to heat shock, particularly at the transcriptional level. Several studies have identified heat shock proteins or specific gene products in mycoplasmas (4, 28, 35) . Weiner et al. analyzed the response of M. pneumoniae to heat shock conditions on a global scale using microarrays and identified 47 up-regulated genes (35) . No other studies have taken a global approach to identifying heat shock-related genes in mycoplasmas, however. A report that Hsp60 was present in M. hyopneumoniae (28) could not be substantiated by the genome sequence of strain 232, the strain used in these studies (22) . In fact, both GroEL and GroES are missing in the three M. hyopneumoniae genomes sequenced (22, 34) . These data indicate that 91 M. hyopneumoniae genes undergo significant transcriptional changes in response to a 37 to 42°C temperature shift at a significance (P) level of Ͻ0.01 (Tables 1 and 2 ). This suggests that M. hyopneumoniae responds to temperature changes by altering transcriptional activities of specific genes through unknown mechanisms. It also suggests that mycoplasmas respond differently depending on the species and possibly host.
A large percentage of heat shock-responsive genes (ϳ60%) have no functional assignment. Future studies will be required to identify the roles of the associated gene products in physiology and pathogenesis. How these genes are controlled in the absence of typical heat shock regulators (e.g., rpoH) is not known, but perhaps mechanisms operative in related grampositive bacteria might be involved. However, now that these genes have been identified, studies of upstream sequences may provide insight into regulatory mechanisms despite the lack of genetic tools in M. hyopneumoniae. These studies focused on transcriptional changes, but other mechanisms involving ribosome conformation (33) or posttranslational processing (5) might also be involved.
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